Nanocrystalline indium oxide thin films of thickness about 100 nm have been deposited using thermal vacuum evaporation technique at room temperature on glass and quartz substrates and subsequently annealed at different temperatures (150˚C, 200˚C, 250˚C, 300˚C, 350˚C, 500˚C and 700˚C) for 2 hr and 4 hr in the oxygen atmosphere. Structural and optical properties of these films have been investigated by using XRD, SEM, HRTEM, AFM, UV-Visible, and photoluminescence spectroscopy. Response of gas towards the thin films is obtained. X-ray diffraction studies of the as deposited and annealed films show the transformation of indium into indium oxide thin films at 300˚C. UV-visible and PL studies reveal the band gap of 3.7 eV. The transparency of thin films is about 83%. Gas response is obtained 3.55 for ethanol vapours. Structural features associated with the indium oxide thin films have been correlated with optical parameters.
Introduction
Indium Oxide (In 2 O 3 ) is an amphoteric oxide of Indium (In) which has a melting point 1910˚C. Its density is 7.179 g/cm 3 and appears as yellowish green odorless crystals. Amorphous indium oxide is insoluble in water but soluble in acids, whereas crystalline indium oxide is insoluble in both water and acids. The crystalline form ex-ists in the cubic phase having lattice parameter 10.11 Å. It is n-type semiconductor with a direct band gap (3.5 -3.7 eV) [1] , which has low resistivity. In recent years, lower-dimensional semiconductor nanostructures, such as nanowires, nanorods and nanobelts of several binary oxide systems, including ZnO, SnO 2 , In 2 O 3 and GeO 2 [5] - [10] , have been intensively investigated because of their novel properties (optical, electrical, and magnetic properties) and their potential applications in nano-devices. Among them, the In 2 O 3 , which is a wide band gap transparent semiconductor material, has been widely used in the microelectronic applications including window heaters, solar cells, and liquid-crystal displays [2] - [4] . The production and properties of transparent conducting oxide (TCO) thin films such as indium oxide, tin oxide and indium tin oxide have been extensively studied, since the films were used in a variety of applications. Among the most important are solar cells, flat panel displays, UV lasers and detectors, photoelectrode materials, and films as gas sensor [5] [6] . At 300˚C the indium oxide films exhibit a very high response (99%) to methanol vapor at a concentration of 40 ppm in air, which is ideal to be used as a methanol sensor [7] .
Indium Oxide films have been synthesized by various deposition techniques, such as direct current (DC) magnetron sputtering, reactive thermal evaporation, ion beam sputtering and chemical vapor deposition (CVD) [8] - [10] . Post deposition annealing is often employed to improve or change the features of such films. There are only a few studies on In 2 O 3 films prepared by thermal oxidation of metallic Indium films. Indium oxide films prepared by the oxidation of Indium films at 500˚C in the presence of air show high electrical conductivity, lower band gaps (2.4 -2.8 eV) and low transmission (~40%) [11] . Indium oxide films prepared in the temperature range of 500˚C -900˚C show orange photoluminescence [12] . Authors attribute this phenomenon to the presence of defects or oxygen deficiencies in the films. However, these studies do not explain in detail the compositional and morphological features which have strong relevance with the electrical and optical properties of the films.
The present study deals with investigations on the annealing of In metallic films in the presence of oxygen atmosphere in 150˚C -700˚C temperature range for 2 hr on glass and quartz substrates. 100 nm thin films are grown by thermal evaporation of Indium metal. Structural and optical properties of these films have been investigated by using XRD, SEM, TEM, AFM, UV-Visible, and photoluminescence spectroscopy. X-ray diffraction studies of the as deposited and annealed films show the transformation of indium into indium oxide thin films at 300˚C. This study further elaborates a bright illustration of the influence of morphology on the oxidation behavior of Indium films.
Experimental Details

Synthesis
Indium oxide thin films were prepared by thermal evaporation method under vacuum conditions using high purity indium (in 99.999% pure) as the source material. The pure element was procured from M/s Alfa Aesar. The thickness of the thin films was kept around ~100 nm. Thin films of indium were deposited at room temperature under vacuum of the order of 10 −5 mbar. As deposited films, on glass and quartz substrates, were annealed at different temperatures (150˚C, 200˚C, 250˚C, 300˚C, 350˚C, 500˚C and 700˚C) for 2 hr and 4hr under high purity oxygen gas atmosphere in order to synthesize good quality single phase indium oxide films. The experimental details are summarized in the Table 1.
Characterization
The detailed study on XRD measurements were carried out on as deposited as well as on annealed films at different temperatures under O 2 atmosphere to identify the phase of the indium oxide thin films by using x-ray diffractometer model Bruker Axes using CuK α radiations (λ = 1.54178 Å). Photoluminescence spectra were recorded by using a PL spectrometer model Perkin Elmer LS 55 for the investigation of photoluminescence properties at the excitation wave length of 274 nm. The UV-visible spectra were taken by using UV-visible spectrometer model Hitachi U3900H in the UV-visible range between 200 nm to 900 nm. Thin films were examined for surface morphology by SEM (Model: Leo EVOMA10). AFM scans were performed using a multimode V, make Veeco instrument in contact mode with NP20 tips. The films deposited onto KBr substrate were used for the microstructural investigations under high resolution transmission electron microscope (HRTEM) model Tecani G2F30 STWIN. The acceleration voltage was 300 kV. A systematic synthesis process has been shown in Figure  1 
Results & Discussions
Phase Formation
The structure and crystalline orientation of indium oxide thin films deposited on the glass substrates were determined by XRD analysis. The XRD pattern of indium film deposited at RT as shown in Figure 2 On analysis of the XRD pattern, as shown in Figure 3 (a), shows that even on quartz substrate, the thin films of indium oxide annealed at 300˚C, 500˚C and 700˚C revealed single phase of In 2 O 3 having cubic structure. When annealed at 700˚C it is observed from XRD pattern that highly oriented growth has taken place along ( ) 2 2 2 plane of indium oxide (JCPDF No. 44-1087). The crystallite size is found to be increased with the increase of annealing temperature as shown in Table 1 . This means that after the formation of single phase of indium oxide at 300˚C, the annealing temperature plays an important role for the increase of crystallite size of indium oxide thin films. After annealing the as deposited films, tetragonal structure of indium gets changed into cubical structure of indium oxide, which is understandable because the lower symmetry crystals (tetragonal) is transformed to higher symmetry cubic crystals. For better visualization, schematic of tetragonal and cubic unit cells, as per the respective dimensional proportionate, are depicted in Figure 3 (b).
Morphology and Microstructure
Surface morphology of the as deposited and annealed films at 150˚C, 200˚C, 250˚C, 300˚C and 350˚C films of indium oxide were carried out using Scanning Electron Microscope (SEM). After studying the SEM images we can observe that as deposited thin film of In shows the presence of very small particles in the form of granules having size between 250 nm to 1 µm. The shapes of these particles are not uniform as depicted in the SEM micrograph . At some places localized growth of particles are also observed with some unusual features. After annealing at 300˚C for 2 hrs it is observed that the film has become uniform with the presence of some very fine particles throughout the film. The growth of very fine indium oxide particles on the surface of the film may be due to re-crystallization which has taken place at this annealing temperature. After annealing of thin film at 350 o C, stress is developed in the films because of the difference in linear thermal co-efficient of glass and indium oxide thin films as depicted in the Figure 4 (f). However the particle size is found to be increased in the thin film.
To optimize the conditions of synthesis of In 2 O 3 thin films, the indium films were also deposited on quartz substrate instead of glass because it can withstand at high temperature on quartz (melting point ~1670˚C) as compared to the glass (~400˚C). As the melting point of indium oxide is 1910˚C which is close to the melting point of quartz. This is the reason for not observing thermal stress in films deposited on quartz substrates and annealed at higher temperatures. The SEM images of as deposited films and annealed at 300, 500 and 700˚C for 4 hr on quartz substrate are shown in Figures 5(a)-(d) . The SEM images of as deposited thin films recorded at 20 kX magnification show that the thin films are of uniform nature having granular shape particles of size varying between 500 nm to 1μm. No cracks were noticed throughout the film. SEM micrograph as shown in Figure  5 (b) represents to indium thin films annealed at 300˚C for 4 hrs. From the image it is observed that growth in particle size has taken place along with the recrystallization phenomenon noticed on the surface of bigger particles. Uniformity of the film is still maintained. Most of the particles are found to be bigger than 1 μm. Crystallite size of the films annealed at 500˚C was found to be further increased up to 2 μm as compared to that of the films annealed at 300˚C. However the recrystallization phenomenon was maintained. Annealing at higher 700˚C for 4 hr temperature leads towards the diffusion of particles because of gaining thermal energy. A uniform matrix is formed after annealing at 700˚C for 4 hr. and the growth of the particles have taken place along the direction of electron beam. It is important to be mention here that when films were annealed at 350˚C for 2 hr on glass substrate, there were some cracks in the films because of thermal stress developed due to difference in the linear thermal coefficient of the film and the substrate. However no such phenomenon was noticed in films annealed at 700˚C on quartz substrate. Thus we conclude that films are seen to be more uniform on quartz substrate even at high temperature. Microstructural features associated with Indium thin film deposited in the vacuum of the order of 10 −6 mbar recorded under TEM is shown in Figure 6(a) . From the TEM micrograph, it is observed that the as deposited film consists of overlapped particles of size 30 -60 nm having polyhedral shape. Small particles of size about 10nm are also embedding between these comparatively big particles. Figure 6(b) shows the image of indium oxide after annealing at 300˚C for 2hr in the presence of oxygen. The indium oxide particles rearrange themselves after recrystallization. Particle size is around 15 nm in the film. Further annealing of thin film at 350˚C (Figure 6(c) ) produces the stress in thin film and non uniformity is also depicted in the micrograph.
Atomic Force Microscope (AFM) is used for high resolution surface morphology in tapping mode for characterizing the indium oxide thin films. After analyzing the AFM images of indium oxide as deposited, 150˚C, 300˚C and 350˚C for 2 hr show in Figures 7(a)-(d) , we observe that the particle size of as deposited film is around 500 nm and of irregular shape. The surface of thin film is rough and showing random distribution of particles. The results of AFM are in good agreement with SEM results. When thin films are annealed at 150˚C for 2 hr the size of particle gets large because of thermal energy supplied to the film.
Annealing at 300˚C for 2 hr leads towards the growth of indium oxide nano particles of about 50 nm due to recrystallization behavior but there are some unreacted indiums also present in the form of big particles in small quantity as compared to the small particles of indium oxide. Further annealing at 350˚C for two hours converts all the indium particles into indium oxide of nano size of uniform distribution of particles. The roughness of the film is less compared to anneal at 300˚C.
The thin films are deposited on quartz substrates also and annealed at higher temperature for 4hr for observing the change in the properties of thin films and analyzed by AFM images in Figures 8(a)-(d) . The observations of thin films as deposited, annealed at 300, 500 and 700˚C for 4hrs on quartz substrates is as follow. The particles in the as deposited thin films are of the size of 500 nm of the polyhedral shape. From the AFM images it also revealed the presence of some micro pores in the film.
As the annealing temperature is increased to 300˚C particles are seen to grow in bigger size and the pores are found to be decreased suggesting the formation of more continuous film shown in Figure 8(b) . With the further increase of annealing temperature at 500˚C, the particles of thin film are diffused to a greater extent with decrease in porosity as shown in Figure 8(c) and at 700˚C the film looks completely uniform after diffusion of particles as shown in Figure 8(d) .
Optical Performance and Band-Energy Calculations
Photoluminescence studies are done for the analysis of defects level present in the thin film. In the first experiment, we analyzed the photoluminescence spectra of indium oxide thin films annealed at 150˚C, 200˚C, 250˚C, 300˚C and 350˚C for 2 hr. on glass substrate as shown in Figure 9 . From here we can see many peaks at varied wavelength after exciting the thin film by the laser light having wavelength 274 nm in the PL spectrometer Perkin Elmer LS 55. The emission of light occurred at 413 nm, 448 nm, 465 nm and 600 nm. These peaks are because of the band gap and some defects in the thin films. The emission peak around 600 nm is because of deficiency of oxygen in the indium oxide molecules. There is a change in the intensity of emission peaks because of particle distribution and number of defects but the change is not in regular manner. The optical band gap can be estimated using the formula ( ) ( )
The band gap calculated the indium oxide thin film is 2.66 eV corresponding to the peak of wavelength 465 nm. Figure 10 shows the photoluminescence spectra of indium oxide thin film annealed at 300˚C, 500˚C and 700˚C for 4 hr on quartz substrate. The excitation wavelength is kept at 274 nm. In the PL spectra, emission peaks are observed at 445 nm. The intensity of the thin film annealed at 700˚C is found to be highest as depicted in the figure. As deposited thin film does not show any emission peak while thin films annealed at 300˚C to 700˚C show the emission peaks at wavelength 445 nm and 485 nm. The variation in the intensity of emission peaks as noticed may be due to the decrease in the defects in the thin films as the temperature of annealing is increased. The optical band gap calculated for these indium oxide thin films is 2.78 eV corresponding to the peak of wavelength 445 nm.
UV-visible spectroscopy is used for determining the transmittance of indium oxide thin films prepared at the annealing temperature of 300˚C and 350˚C for two hours in the presence of oxygen on glass substrate. The transmittance of film annealed at 300˚C is about 74% as shown in Figure 11(a), whereas Figure 11(b) shows that transmittance approximately 70% in case of film annealed at 350˚C for 2 hr on glass substrate. A Tauc plot is used to determine the direct optical band gap of thin films using the equation given below.
The variation of ( ) 2 h α ν with hν is plotted and the linear portion of the plot is extrapolated to zero to find the band gap of the film (Figure 11 and Figure 12 ). From this equation we calculate that the direct optical band gap of thin films annealed at 300˚C and 350˚C for 2 hr are found to be 3.91 eV and 3.73 eV respectively. The small variation in band gap thus observed may be due to the change in transmittance of the thin films.
It is further to be mentioned here that as we annealed these films at 300˚C for 2 hr and 4 hr, we observed that transmittance is more for film annealed for 4 hr as compared to film annealed for 2 hr. The transparency is 83% for film annealed for 4 hr and 74% for the film annealed for 2 hr but there is a lowering of optical bad gap noticed because of increase in crystallinity of these film for long period annealing.
Similar annealing process was carried out on the thin films deposited on to quartz substrate. When we annealed these films at 300˚C, 500˚C and 700˚C for 4 hr, the transparency is found to be decreased from 83% to 71% with the increase of annealing temperature. Table 2 shows the comparison between transmittance and optical band gap of the thin films prepared by annealing at different conditions.
As we observed in Figure 10 , Photoluminescence spectra of indium oxide thin film annealed at 300˚C, 500˚C
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Electrical Response Measurement
Thin films annealed at 300˚C, 500˚C and 700˚C on quartz substrates were tested for their electrical response on exposure to ethanol, methanol and LPG. Electrical response was quantified as the drop in electrical resistance of the sensing film between the two electrodes. An indigenously developed setup was used for this characterization as shown in Figure 13 . A gas chamber with inlet and outlet is used to measure the gas-sensing response of the sensors. Once the resistance stabilizes, the chamber is flushed with dry air. Gases are injected using a 1 ml syringe. After injecting the gas into the chamber, the drop in resistance of the sample is measured and plotted by USBDAQ 0816 data logger (Hytek Automation Pvt. Ltd.) via an indigenously developed computer program. The variations in sensitivity of the gas sensors were studied at 500 ppm and 100 ppm gas concentration for ethanol and methanol and at 5000 ppm and 1000 ppm for commercial LPG at 573 K operating temperatures. The gas sensing properties are characterized in term of dynamic change of resistance and gas-sensing response. The gas sensing response of n-type semiconductor based conductometric gas sensor to a reducing gas is normally defined as the ratio, air gas
where, R air = resistance of thin film in air; R gas = resistance of thin film on exposure to ethanol or methanol or LPG vapors; while the response to an oxidizing gas is defined as the ratio, ΔR/R air . For p-type semiconductor gas sensor, the definitions are reversed. The gas-sensing response was calculated from dynamic variation of the conductance due to gas pulses introduction and plotted versus various parameters including temperature and gas concentration. Figure 14 illustrates the dynamic response to ethanol, methanol and LPG of In 2 O 3 thin films deposited at 300˚C, 500˚C and 700˚C. It can be seen that the resistances of the indium oxide thin films are reduced upon the exposure to reducing gas, indicating the n-type semiconductor behavior. The response is maximum for indium oxide thin films annealed at 500˚C among all thin films. While each film shows maximum response towards ethanol vapors. The response for ethanol exposure to indium oxide thin films annealed at 500˚C is 3.55. Figure 14 is showing another important factor for every gas sensor is its response and recovery times, when the sensor is exposed to and then removed from the gas environment. Here, the response time required for the response value to attain 90% of its maximum value is shorter (~20 sec) for indium oxide thin film. As the gas was turned-off, the response of the same film fell rapidly, indicating that the good recovery of the resistance was obtained. The time taken by the sensor elements to come back once the gas was removed is found ~100 sec. January 2015 | Volume 2 | e1200 It is well known that the sensitivity of the indium oxide semiconductor sensors is mainly resolute by the interactions between the gas and the surface of the sensor. So, it is obvious that for the greater specific surface area of the materials, the interaction between the adsorbed gases and the sensor surface will be stronger, i.e. sensitivity will be higher. The gas sensing properties of materials are relative to the surface of the materials. The gases are always adsorbed and even react with the surface. So, small particle size and large specific area contribute to oxygen and gas adsorption on the surface of the materials, which is responsible for the increase in sensitivity of the sensor.
The electrical conductivity in indium oxide is due to non-stoichiometric composition as a result of oxygen deficiency ( Figure 9 shows the oxygen deficiency obtained in PL spectra at 600 nm). The conductivity is of n-type. When the indium oxide sensor surface is placed in an air ambient, the oxygen molecules are adsorbed at the surface resulting in the formation of 2 O − , O − and 2 O − ions, thus decreasing the concentration of the number of charge carriers near the surface giving rise to a depletion region. When exposed to reducing gases like methanol and ethanol vapour, mutual interaction between the reactant, i.e. reducing gas and oxygen species, results in oxidation of reducing gas at the surface. This oxidation phenomenon helps in the removal of oxygen ion from indium oxide surface resulting in decrease in the barrier height, thus increasing the conductance.
Conclusion
Indium oxide thin films synthesized by vacuum evaporation technique and further annealed at different temperatures for different duration under the oxygen atmosphere have revealed very interesting information. It is observed that annealing under oxygen atmosphere has resulted in formation of good quality single phase In 2 O 3 thin films. Detailed analysis of XRD, SEM, AFM, photoluminescence spectra, and UV-visible exhibit that single phase indium oxide is formed at annealing over 300˚C in the presence of oxygen. With the increase of annealing temperature, the growth in a particular direction takes place. The use of quartz substrate plays an important role in the stability of thin film. The transparency of thin films obtained by the present process is about 83%. The direct optical band gap is 3.7 eV which is close to the bulk indium oxide. By employing these experiments, we are able to synthesis the single phase indium oxide thin film. The sensing properties were also studied at low concentrations of ethanol, methanol and LPG. The response time is also fast. The results obtained by thermal evaporation technique are promising for the preparation of sensitive and low cost gas sensor operating at low temperatures. By adding different dopants to the parent material, the sensitivity of indium oxide film can be increased.
